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INTRODUCTION 


One  of  the  main  problems  of  industrial  engineering  is  finding  the  opti- 
mum operating  point  or  the  optimum  operating  policy  of  a  system.  Most  sys- 
tems studied  are  incompletely  structured.  These  systems  operate  in  such  a 
way  that  the  output  for  a  particular  input  can  only  be  determined  in  probabil- 
istic terms .  The  control  and  feedback  mechanisms  are  not  very  reliable  and 
do  not  operate  in  the  same  way.  Since  most  familiar  optimization  methods 
cannot  be  used  for  incompletely  structured  systems,  a  deterministic  method 
is  required  for  problems  of  varying  characteristics.  Systems  analysis  ful- 
fills these  requirements  and  can  be  applied  to  a  wide  range  of  problems. 

The  first  step  in  any  systems  analysis  approach  is  to  determine  the  com- 
ponents. Then  the  system  boundaries  which  define  the  extent  of  the  analysis 
must  be  set  up.  Incorrect  boundaries  may  result  in  incorrect  solutions.  The 
next  step  is  to  build  a  physical  or  a  mathematical  model  to  represent  the 
system.  By  simulating  input  conditions,  resulting  outputs  may  be  noted.  In- 
put and  other  conditions  under  control  of  the  analyzer  may  be  varied  until 
tie  required  output  is  obtained.  For  an  existing  system,  a  more  economical 
operating  point  may  be  found  by  using  systematic  search  techniques  and  elim- 
irating  non -feasible  alternatives.  Thus  a  model  may  be  used  to  find  the 
characteristics,  operating  conditions  and  optimum  operating  policy  of  a 
system. 

An  important  point  to  recognize  in  system  analysis  is  that  the  model 
must  be  a  realistic  representation  of  the  system.  Otherwise,  results  will 
ha.e  no  meaning.  Results  of  a  simulation  model  should  not  be  taken  as  final 
bu;  must  aid  management  in  making  decisions. 


Models 

A  model  is  any  technique,  device  or  process  by  means  of  vhich  specific 
relationships  of  the  system  characteristics  can  be  investigated.  Two  kinds 
of  models  which  can  be  used  in  the  s$udy  of  systems  are:  (a)  mathematical 
r.odels  and  (b)  analog  models. 

Mathematical  Models .  Mathematical  models  used  mathematical  functions  to 
represent  the  system.  The  system's  input  may  be  assumed  to  be  this  function. 
Qhe  processor,  acting  on  the  function,  modifies  it  to  give  the  required  out- 
jut  function.  The  action  on  the  input  may  be  integration,  differentiation, 
sddition  or  any  one  of  the  mathematical  operations  that  is  possible  to  per- 
form. It  is  also  possible  for  the  system  to  consist  of  various  subsystems. 
Ihe  processors  then  will  give  an  output  according  to  their  own  characteris- 
tics, each  being  different  from  the  other.  But  in  most  cases,  a  mathematical 
relationship  can  be  found  which  represents  the  over -all  mathematical  opera- 
tion that  is  applied  to  the  input.  This  gives  rise  to  the  transfer  function 
concept.  This  concept  represents  the  total  or  simplified  mathematical  func- 
tions which  act  on  the  input  function  to  give  the  output  function.  This  is 
a  great  simplification  for  mathematical  models  but  sometimes  tne  over-all 
transfer  function  is  so  complicated  that  it  is  not  practical  to  use  or  to 
e/en  attempt  to  derive. 

The  main  problem  encountered  in  constructing  a  mathematical  model  is 
ia  representing  certain  system  parts  as  mathematical  functions  or  operations. 
It  is  difficult  to  build  a  mathematical  model,  especially  wiVth  scheduled 
systems.  For  incompletely  structured  systems,  it  may  be  impossible  to  build 
tie  model.  In  this  system,  the  human  has  some  important  roles  that  nobody 
has  yet  been  able  to  represent  in  exact  or  even  approximate  mathematical  terms, 


When  exact  mathematical  relations  cannot  be  vised,  statistical  methods 
i ay  be  used  with  the  mathematical  relations.  Since  human  behavior  is  dif- 
ficult to  predict,  statistical  methods  may  help  represent  the  most  likely 
tehavior  while  concurrently  making  some  allowance  for  erratic  behavior. 

The  only  disadvantages  of  the  mathematical  model  are  that  it  intro- 
duces too  many  variables  and  that  it  greatly  complicates  the  analysis.  An 
ever-all  transfer  function  may  be  impossible  to  derive.  When  this  model 
tecomes  too  complicated,  it  is  better  to  use  analog  models. 

Analog  Models .  Analog  models  are  physical  representations  of  systems. 
Ihey  are  usually  smaller  than  the  actual  model  and  are  cheap  to  build  and 
operate.  The  analog  model,  by  allowing  changes  in  different  components,  • 
cakes  possible  a  very  good  study  of  the  system  under  a  wide  variety  of  con- 
ditions (6).  For  example,  airplane  designers  learn  much  about  the  charac- 
teristics of  a  new  airplane  by  testing  a  model  in  a  wind  tunnel.  Analog 
codels  play  a  very  important  role  in  servomechanism  design.  One  character- 
istic of  these  models  is  the  ease  of  simulation;  results  are  obtained  more 
quickly  and  are  easier  to  interpret  than  those  obtained  from  mathematical 
mDdels.  Analog  models  offer  a  very  easy  method  of  studying  the  system  under 
varying  conditions.  The  use  of  analog  models  will  help  locate  the  optimum 
operating  point  by  searching  through  a  number  of  possibilities  and  selecting 
tie  best  combination. 

With  proper  scaling,  the  simulation  will  enable  the  experimenter  to  get 
his  result  in  real  time  whereas  this  is  expensive  to  do  with  mathematical 
models.  Thus,  various  possibilities  can  be  examined  in  a  relatively  short 
t  /.me  and  the  outputs  of  each  can  be  studied  to  help  locate  the  optimum. 
F:-oper  time  scaling  will  give  the  total  time  needed  to  complete  the  operation 
under  investigation. 


A  complicated  system  may  consist  of  a  number  of  subsystems,  each  having 
j.ts  own  characteristics  and  operations  requirements .  If  each  subsystem  is 
designed  for  optimum  performance,  the  resultant  output  of  the  entire  system 
may  be  far  from  optimum.  Models  of  subsystems  are  very  efficient  tools  in 
overcoming  this  difficulty.  In  both  the  mathematical  and  the  analog  models, 
the  complete  system  may  be  optimized  by  making  trade-offs  between  the  sub- 
systems. Trade-offs  are  very  easy  in  analog  models.  In  mathematical  models, 
e  slight  change  in  one  of  the  subsystems  will  require  a  nev  derivation  of 
the  over-all  transfer  function  for  the  system.  This  can  be  very  tedious  if 
a  large  number  of  possibilities  are  to  be  studied.  With  an  analog  model, 
changing  a  few  components  and  then  activating  the  model  will  not  take  long 
and  is  not  complicated. 

The  accuracy  of  the  analog  model  depends  on  the  accuracy  of  the  compon- 
ents used  in  building  it.  The  mathematical  model  may  have  better  accuracy 
if  the  calculations  are  made  with  proper  care.  No  matter  what  the  accuracy 
of  the  analog  model,  the  results  are  extremely  helpful  to  the  engineer. 

PROBLEM 

Analog  Computers 

An  analog  computer  is  a  device  which  deals  with  physical  quantities  rep- 
resenting numerical  values.  Individual  operation  blocks,  mechanical  or  elec- 
tronic in  nature,  are  coupled  together  to  establish  a  physical  system  whose 
behavior  is  similar  to  that  of  the  problem  under  study. 

Operational  Amplifier.  Most  electronic  analog  computer  operations  are 
done  with  the  aid  of  an  operational  amplifier.  Usually  it  is  a  DC  amplifier 
o:'  high  gain  and  high  input  impedance  with  suitable  external  connections. 
These  amplifiers  can  be  made  to  add,  subtract,  differentiate  or  integrate. 


Input  and  Output  Relations  of  DC  Amplifiers .  Let  A  be  the  gain  of  the 

operational  amplifier,  e  be  the  input  voltage  and  e  be  the  output  voltage. 

"nput  and  output  are  related  by  the  following  equation: 

e  =  -A  e  (Eq.  l) 

g 

Figure  1  shows  a  DC  amplifier. 

Scalar  Multiplication  Operation.  If  input  resistance  R.  is  added  be- 
tween the  input  and  the  amplifier  and  resistance  R_  is  used  to  provide  the 
feedback,  it  can  be  shown  that  the  amplifier  inverts  the  input  voltage  and 
multiplies  it  by  a  constant.  Figure  2  is  an  illustration  of  this. 

Addition.  By  using  several  separate  inputs,  the  operational  amplifier 
ray  be  ...ade  to  add.  Amplifier  connections  for  addition  is  shown  in  Fig.  3. 

Subtraction.  If  some  of  the  input  voltages  have  a  different  polarity 
from  the  others,  then  the  operational  amplifier  may  be  made  to  subtract, 
ligure  h   shows  the  subtraction  connections. 

Differentiation.  The  operational  amplifier  can  be  used  to  differentiate 
ty  using  a  capacitive  input  and  a  resistive  feedback  element.  The  amplifier 
js  seldom  used  for  this  purpose  since  the  noise  in  the  input  tends  to  be  mag- 
rified  by  differentiation  whereas  in  integration  it  tends  to  be  cancelled. 
Also,  the  differentiation  circuits  tend  to  be  unstable.  A  differentiation 
circuit  is  shown  in  Fig.  5. 

Integration.  If  a  capacitor  is  used  as  a  feedback  element,  the  opera- 
tional amplifier  will  act  as  an  integrator.  Figure  6  shows  the  connection 
far  an  integration  circuit.  The  derivation  of  the  input  and  the  output  re- 
lit ions  for  an  integration  circuit  is  given  below: 
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Fig.  1.  Input  and  output  relations  of  a  DC  amplifier. 
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Fig.  2.  Operational  amplifier  for  scalar  multiplication  operation, 

with  ground  connect. 
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Fig.  3.  Operational  amplifier  for  addition;  ground  circuit  omitted. 
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Fig.  h.     Subtraction  on  an  operational  amplifier. 
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Fig.  5.  Differentiation  on  an  operational  amplifier. 
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Fig.  6.  Integration  on  an  operational  amplifier. 
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Initial  Conditions.  In  most  cases,  the  programmer  must  take:  care  of 
initial  conditions  of  the  system.  These  represent  the  condition  of  the  sys- 
tem at  starting  time  TQ.  In  an  integration  circuit,  the  initial  conditions 
£re  applied  in  form  of  charges  on  the  capacitor  and  stored  before  the  opera- 
tion was  started. 

Other  characteristics  of  the  analog  computers  are  that  they  measure  con- 
tinuously and  that  the  operation  can  be  stopped  at  any  time  and  then  resumed 
from  the  point  of  stop.  One  powerful  application  of  analog  computers  is  sim- 
ulation in  which  physical  properties,  not  easily  varied,  are  represented  by 
voltages  which  are  easily  varied.  In  practice,  factors  affecting  the  opera- 
tion of  the  system  cannot  be  changed  quickly  but,  on  the  computer,  any  one 
or  all  of  these  may  be  varied  at  will  and  the  results  observed  as  the  changes 
are  made. 

Inventory  Control  as  a  System 

Inventory  control  problems  are  particularly  well  adapted  to  system 
analysis  and,  correspondingly,  to  further  studies  using  the  model  concept. 
Although  most  industrial  engineering  problems  are  well-suited  to  systems 
ajalysis,  generally  there  is  only  one  applicable  model.  In  inventory  con- 
trol problems,  both  the  mathematical  and  the  analog  models  can  be  set  up. 
The  classical  approach  is  to  set  up  a  mathematical  model  and  then  study  it 

urder  different  conditions.  The  result  <«  »„ 

me  result  is  an  operating  doctrine  and  a  set 


cf  decision  rules. 

This  thesis  attempts  to  set  up  an  analog  model  for  inventory  control 
systems.  By  using  the  analog  computer  to  set  up  the  model,  it  is  hoped  that 
s  relatively  inexpensive  vay  of  overcoming  difficulties  in  this  field  can  be 
j  ound. 

By  applying  system  analysis  concepts  to  the  inventory  control  systems, 
the  five  important  system  components  can  be  identified  easily.  They  are: 
(1)  Input  -  representing  the  material  that  is  obtained  from  the  manufacturer 
cr  the  material  that  is  being  manufactured  for  inventory;  (2)  The  processor  - 
the  combination  of  techniques  and  methods  used  to  control  the  inventory; 
(3)  Feedback  mechanism  -  the  customer  reaction,  such  as  customer  satisfac- 
tion; (4)  Control  mechanism  -  the  policy  of  the  firm  with  respect  to  the 
operation  policy;  and  (5)  Output  -  the  material  that  is  being  supplied  to 
the  customers. 

In  the  mathematical  model,  it  is  customary  to  attach  some  financial 
jenalties,  such  as  stockout  costs,  to  feedback  and  control  elements.  Storage 
cost  and  order  costs  are  always  indicated  and  the  optimum  operation  point  is 
found  by  either  breaking  even  with  the  cost,  the  maximization  of  profit  or 
the  minimization  of  losses. 

Penalties  used  for  these  calculations  cannot  be  evaluated  with  a  great 
degree  of  accuracy.  Therefore,  the  best  that  can  be  obtained  from  a  mathe- 
natical  model  is  an  approximate  solution,  the  accuracy  being  determined  by 
the  accuracy  of  the  penalties. 

The  main  target  of  the  system  analysis  is  the  optimization  of  the  system 
operation.  Therefore,  the  aim  will  be  to  optimize  the  operation  of  the  inven- 
tDry  systems,  i.e.,  optimization  of  the  customer  services. 


10 


It  vas  mentioned  that  the  mathematical  model  is  optimized  by  either  max- 
imizing the  profit,  minimizing  the  losses  or  by  breaking  even.  Although 
the  analog  model  is  still  concerned  with  cost,  the  optimum  operating  point 
will  be  the  point  which  satisfies  the  customer  and  the  firm  when  the  system 
is  performing  under  the  specific  constraints  act  by  the  policy  of  the  firm. 
Phis,  in  turn,  means  that  the  level  of  the  inventory  must  be  such  that  the 
demand  is  satisfied  within  the  limits  that  have  been  set.  Satisfactory 
limits  are  set  up  by  the  characteristics  of  the  system  processor. 

General  System  Characteristics 

There  are  as  many  inventory  control  systems  as  there  are  business  and 
manufacturing  firms .  Every  time  some  material  is  stored  with  anticipation 
of  meeting  future  demand,  such  a  system  is  created.  Any  method  used  to  con- 
trol or  organize  the  flow  of  material  in  and  out  of  storage  can  be  analyzed 
by  the  systems  approach.  The  criteria  for  the  effectiveness  of  each  inven- 
tory control  system  can  be  measured  in  terms  of  the  customer's  satisfaction 
or  dissatisfaction.  It  is  very  hard  to  measure  satisfaction.  To  overcome 
this  difficulty,  a  standard  called  service  criterion  is  used  to  measure  the 
effectiveness  of  the  system  with  respect  to  customer  satisfaction.  Service 
criterion  is  the  permitted  number  of  stockouts  during  a  given  number  of  cy- 
cles. A  service  criterion  of  ten  will  indicate  that  ten  stockouts  during 
the  total  number  of  cycles  to  be  studied  is  permitted.  On  the  other  hand, 
a  service  criterion  of  0  indicates  that  no  stockouts  can  be  permitted  during 
the  system  operation  time.  This  is  based  on  a  probability  of  one  change  in 
1,000,000. 

.  ._•  service  criterion  may  be  found  by  using  the  various  coasttt  _nts 
that  are  effective  on  either  the  processor  or  on  the  input.  These  constraints 
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c.epend  on  factors  such  as  the  availability  of  capital,  the  penalty  for  los- 
ing a  sale,  the  penalty  for  losing  a  customer  and  others. 

Many  methods  can  be  suggested  for  calculating  the  service  criterion. 
r.'he  expected  number  of  stockouts  can  be  calculated  by  using  a  purely  statis- 
tical approach,  or  a  forecast  of  the  situation  can  be  made  using  the  Time 
Series  Analysis  Method.  If  each  system  is  in  operation  for  a  number  of 
cycles ,  then  past  data  can  be  used  to  obtain  the  number  of  expected  stock- 
outs during  the  coming  period. 

A  simple  method  is  proposed  here.  It  will  be  assumed  that  when  a  sale 
is  lost,  the  profit  that  could  have  been  realized  is  also  lost.  In  addition, 
a  certain  percent  of  the  customers  will  go  elsewhere  to  satisfy  their  demand 
and  will  never  come  back.  So  the  cost  of  a  stockout  may  be  represented  as  a 
function  of  the  lost  profit  and  the  lost  customers.  Very  simply,  the  stock- 
cut  costs  will  be  represented  as: 

S  =  (K-n)  P(k-l)  JL    JO*       (Eq.  5) 
■where  S  is  the  stockout  cost,  K  is  the  number  of  customers  whose  demand  can- 
rot  be  met,  n  is  the  number  of  customers  who  will  wait  for  the  next  cycle, 
k  is  the  number  of  cycles  in  one  period,  and  P  is  the  profit  made  on  one  unit 
cf  material. 

It  is  assumed  that  the  loss  of  the  sales  affects  the  firm  only  for  one 
time  period.  New  customers  can  be  found  or  a  new  product  might  induce  the 
lost  customer  to  come  back. 

After  the  stockout  cost  is  calculated,  the  next  step  is  to  calculate 
tie  service  criterion.  Every  firm  has  set  a  limit  on  the  amount  of  loss 
t lat  can  be  sustained  by  a  stockout  (6) .  The  division  of  this  amount  by  the 
t  rtal  stockout  costs  will  give  the  value  of  the  service  criterion,  represented 
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by  the  following  equation: 

S.C  =  L/S  (Eq.  6) 

where  S.C  is  the  service  criterion,  L  is  the  stockout  loss  that  can  be  ac- 
cepted by  the  firm  and  S  is  the  stockout  cost  calculated  from  the  previous 
formula.  The  economic  system  operation  is  discussed  in  preceding  paragraphs. 
Service  criterion  plays  a  very  important  role  in  analog  models.  It  vill 
oe   used  as  a  constraint  on  the  total  number  of  permitted  stockouts.  Two 
possible  applications  of  the  service  criterion  concept  are: 

(a)  The  permitted  number  of  stockouts  may  be  determined  and,  during 
a.   simulation  run,  care  must  be  taken  not  to  exceed  this  number,  and 

(b)  The  given  system  may  be  simulated  for  actual  operation  with  random- 
Ly  varying  demand  and  the  number  of  stockouts  may  be  determined  for  a  con- 
stant replenishment  rate  of  material  placed  in  inventory. 

In  both  cases,  the  input  conditions  may  be  altered  so  that  the  over-all 
performance  characteristics  will  be  satisfactory.  The  system  will  perform 
according  to  the  service  criterion.  Both  methods  are  easy  to  handle.  In 
this  thesis,  the  second  method  will  be  used. 

A3  was  explained,  the  service  criterion  is  a  measure  of  the  system's 
effectiveness.  The  prime  aim  of  the  system  is  to  meet  operating  conditions 
:.mposed  by  the  service  criterion.  Therefore,  the  problem  becomes  that  of 
determining  the  amount  of  material  to  be  placed  in  storage.  This  depends  on 
iour  factors  in  addition  to  the  service  criterion:   (l)  The  frequency  with 
*hich  demands  occur;  (2)  The  distribution  of  demand;  (3)  The  amount  demanded 
during  one  cycle;  and  (k)   The  rate  at  which  replenishment  occurs. 

Identifying  the  system  components  once  more  results  in:  Input  -  replen- 
ishment; Processor  -  supply  system;  Output  -  amount  of  material  required  to 
meet  demand;  Feedback  -  customer  satisfaction  expressed  in  terms  of  service 
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criterion;  Control  -  system  constraints,  such  as  economic  situation  and  the 
amount  of  available  space. 

Using  the  above  information,  a  satisfactory  storage  level  can  be  found. 
Any  decision  which  is  not  the  true  decision  will  result  in  excessive  material 
in  either  storage  (overstock)  or  a  stockout  case. 

Among  the  factors  affecting  the  operation  of  the  system,  the  output  of 
the  system  occupies  a  very  important  place.  Since  human  behavior  is  hard  to 
predict,  it  is  impossible  to  determine  exact  demand  figures.  A  perfect  fore- 
cast of  demand  requires  insight  into  the  future.  Since  this  is  impossible, 
demand  is  always  an  estimate  which  can  vary  from  the  calculated  value.  Most 
o:'  the  time,  demand  is  forecast  between  two  values,  a  maximum  and  a  minimum. 
A  negative  change  in  demand  will  result  in  increasing  the  amount  of  material 
ii:  storage.  This  can  be  remedied  by  decreasing  the  input  rate;  less  material 
w:.ll  be  placed  in  inventory  until  the  excess  stock  is  used.  But  if  change  in 
demand  is  positive,  i.e.,  more  material  is  demanded,  it  is  possible  to  run 
oi.t  of  material  and  not  be  able  to  meet  the  demand.  This  situation  cannot 
be  remedied  very  quickly  by  changing  the  input  conditions  since  there  is  gen- 
eially  a  time  lag  between  the  time  of  notification  for  an  increase  in  the 
irput  rate  and  the  actual  increase. 

An  ideal  situation  would  require  an  infinite  amount  of  material  in  stor- 
age. All  demands  may  now  be  met  and  there  will  not  be  a  single  case  of  stock- 
out.  However,  this  is  the  most  uneconomical  situation  that  can  be  conceived. 
An  infinite  amount  of  material  and  an  infinite  amount  of  storage  space  would 
be  required. 

Besides  other  costs  of  maintaining  an  inventory,  capital  invested  in  ma- 
terial to  be  stored  represents  a  possible  loss  of  profit  that  could  be  realized 
if  invested  at  some  other  place.  A  practical  limit  has  to  be  set  for  the 
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amount  invested  in  stored  materials.  From  the  investor's  point  of  view,  the 
total  investment  must  be  kept  as  low  as  possible  in  order  to  get  maximum  re- 
turns en  the  investment.  Therefore,  the  investor  will  want  to  have  the  mini- 
mam  amount  of  material  that  will  give  satisfactory  customer  service.  He 
will  carry  a  certain  amount  of  material  in  stock  and  replenish  it  as  the 
stock  is  depleted.  His  ideal  condition  is  to  have  zero  units  at  the  end  of 
each  cycle.  As  this  point  is  reached,  he  must  replenish  the  material  so  the 
maximum  inventory  level  is  reached  at  the  beginning  of  the  next  cycle.  This 
process  is  continued  as  long  as  there  is  demand  for  that  particular  material. 
If  the  demand  is  constant,  this  technique  of  achieving  the  ideal  condi- 
tion would  be  very  simple.  Each  time  the  inventory  reaches  a  certain  level, 
an  order  will  be  placed  for  more  material.  Another  way  would  be  to  place  an 
order  for  more  material  at  a  preassigned  date.  But  since  the  demand  is  never 
known,  the  ideal  condition  does  not  occur  and  the  inventory  control  system, 
in  order  to  cope  with  this  difficulty,  must  be  very  complex. 

With  a  simple  and  inexpensive  analog  model,  a  variety  of  cases  can  be 
solved  or  studied.  Before  starting  the  construction  of  an  analog  model, 
system  boundaries  have  to  be  set  up. 

Boundaries .  Although  each  inventory  control  system  is  unique  with  re- 

sject  to  its  general  characteristics,  very  general  boundaries  could  be  set 

uj  by  limiting  the  possibilities  of  action. 

There  are  three  kinds  of  inventories:   (l)  Raw  material;  (2)  In-process; 

ani  (3)  Finished  materials. 

It  is  possible  that  each  has  constraints  which  are  not  common  to  the 

otaer.  For  example,  a  tomato  (raw  material)  cannot  be  stored  indefinitely 

bus  canned  tomatoes  (finished  material)  can  be  stored  indefinitely  without 
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ny  special  care.  It  will  be  assumed  that  only  one  kind  of  inventory  is 

-ted  in  each  model  and  the  interactions  between  the  others  will  not  be 
considered.  All  three  cases  may  be  studied  separately  with  their  own  initial 
c  onstrair-ts . 

Engineering  design  changes  may  make  a  material  obsolete.  It  is  not  good 
practice  to  carry  material  in  storage  which  has  been  made  obsolete  by  newer 
and  better  products .  Zero  it  will  be  assumed  that  there  will  be  a  demand 
tor  every  material  that  is  in  storage  and  that  the  passage  of  time  will  depre- 
ciate the  value  of  the  material.  This  obsolescence  cost  is  included  in  the 
carrying  cost. 

,  Product  mix  situations  will  not  be  studied  using  a  single  model.  One 
product  at  a  time  will  be  studied.  Each  product  can  be  examined  separately. 
A  common  constraint  resulting  from  the  mix  situation  may  be  used  in  separate 
studies .  The  analog  model  to  be  discussed  here  will  consider  only  one  pro- 
duct at  a  tim_-. 

In  short,  the  system  to  be  studied  will  consist  of  an  input  which  will 
be  a  single  commodity,  product  or  material.  The  input  is  in  any  one  of  the 
three  inventory  classes  and  is  one  which  will  not  become  obsolete. 

The  environmental  factors  that  might  affect  the  material  in  stock  will 
bs  ignored.  It  will  be  assumed  that  satisfactory  conditions  exist  for  the 
storage  of  the  material  in  question. 

Boundaries,  which  are  explained  above,  are  used  to  clearly  define  the 
system  and  the  extent  of  the  analysis.  This  definition  will  help  in  the 
selection  of  the  input  and  the  output  conditions  in  the  simulation  and  in 
making  the  model  more  realistic.  Together  with  the  constraints,  the  bound- 
aries are  used  to  pinpoint  the  problem,  thus  making  sure  the  right  problem 
i:;  studied  in  a  realistic  fashion. 
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Constraints .  A  constraint  is  a  limiting  factor.  In  inventory  control 
problems,  there  are  many  constraints  which  have  very  important  roles  in  the 
operation  of  the  system.  At  the  time  of  the  study  of  the  system,  there  may 
be  many  constraints  which  are  unknown  and  unsuspected. 

The  number  of  constraints  must  be  kept  to  a  minimum  for  accurate  results 
in  analog  models.  If  too  many  are  used,  the  analyst  may  be  forced  to  ignore 
some  possible  alternatives.  When  alternatives  are  limited,  the  accuracy  of 
the  model  diminishes  because  some  alternatives  were  never  considered. 

Replenishment  of  Stock 

Stock  replenishment  can  take  place  either  instantaneously  or  finitely. 
In  instantaneous  replenishment,  all  material  to  be  placed  in  storage  is  de- 
livered in  one  batch  or  shipment.  No  time  is  lost  in  handling.  Very  small 
replenishments  may  be  treated  as  instantaneous  replenishment. 

In  finite  replenishment,  a  constant  rate  of  delivery  continues  until 
all  material  is  in  storage.  This  might  mean  two  or  more  shipments  at  differ- 
ent times .  Figure  7  is  a  graphical  representation  of  the  two  replenishment 
nethods.  The  lag  between  the  time  of  order  and  the  time  of  receipt  of  the 
order  is  discussed  under  the  heading  "Lead  Time." 

In  the  graph  representing  the  instantaneous  replenishment  rate,  it  can 
>e  seen  that  all  material  was  placed  in  storage  at  time  'f,  the  first  and 
•;he  last  units  being  placed  at  the  same  time. 

In  the  other  case,  the  first  unit  is  placed  in  storage  at  time  t±   and 
the  last  unit  is  placed  at  t2.  The  time  lag  between  the  first  unit  and  the 
last  unit  is  (tx  -  t2)  time  periods. 

Although  finite  replenishment  is  represented  by  a  straight  line,  there 
is   always  a  possibility  of  irregularities  in  the  replenishment  rate.  The 
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replenishment  rate  shown  by  a  line  might  consist  of  small  shipments  arriving 
at  random.  The  number  of  units  in  each  shipment  may  vary.  Figure  8  shows 
this  situation  graphically.  A  way  has  to  be  found  so  the  variations  and  the 
irregularities  can  be  approximated  by  a  straight  line  or  a  curve. 

A  curve  can  be  fitted  through  the  points .  This  will  not  give  the  true 
value  of  the  number  of  units  of  material  remaining  in  storage  at  different 
times  but  will  represent  the  average  number  of  units  in  storage.  If  a 
straight  line  is  fitted  through  the  points,  a  true  representation  of  the 
initial  and  the  final  values  will  be  obtained. 

In  order  to  increase  the  accuracy  of  finite  replenishment,  a  least  square 
curve  may  be  fitted.  In  inventory  control,  the  maximum  and  minimum  inventory 
levels  are  of  utmost  importance.  If  there  are  no  large  fluctuations  or  dis- 
continuities in  the  replenishment  methods,  then  it  is  adequate  to  fit  a 
straight  line  and  take  the  average  of  the  minimum  and  maximum  inventory  lev- 
els. 

If  demand  is  continuing  during  the  replenishment  time,  the  slope  of  the 
replenishment  curve  will  change.  If  a  straight  line  is  used  to  represent  the 
replenishment  curve,  this  change  will  be  compensated  for  by  changing  the 
slope  of  the  line.  This  change  may  be  calculated  and  the  maximum  inventory 
level  can  be  found  easily.  Figures  9  and  10  represent  cases  where  there  is 
iemand  for  the  material  and  where  there  is  no  demand  for  the  material  during 
replenishment. 

If  material  is  taken  out  of  storage  at  the  same  time  replenishment  is 
continuing  in  order  to  meet  demand,  then  the  slope  of  the  replenishment  line 
decreases.  If  (y)  is  the  replenishment  per  unit  cycle  (maximum  number  of 
-its  placed  in  storage,  (A )  the  unit  cycle  demand  and  (Q)  the  size  of  the 
Lot  produced,  then  the  slope  of  the  replenishment  line  will  be  (Y), 
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Fig.  8.  Irregularities  in  finite  replenishment  rate. 
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:.ndicating  the  flow  of  material  into  the  warehouse  without  any  demand  occur- 
ring at  the  same  time.  (ty-X)   will  be  the  slope  of  the  replenishment  line 
Lf  demand  is  occurring  during  replenishment. 

For  some  inventory  systems,  an  assumption  is  that  the  material  sold  will 
')e  treated  as  a  continuous  variable  instead  of  discrete  units.  In  Fig.  11, 
;he  discrete  replenishment  is  shown. 

This  causes  no  difference  in  the  treatment  of  the  problem.  Especially 
vhen  the  analog  model  is  used,  the  discrete  case  has  to  be  converted  to  a 
continuous  case.  Therefore,  continuous  replenishment  will  be  used  for  all 
<:ases.  There  is  no  major  difference  between  these  two  replenishment  modes 
;;ince  at  time  't'  the  amount  of  material  will  be  the  same  in  both  cases. 
'.?he  maximum  inventory  level  at  the  end  of  the  replenishment  will  be  the  same 
regardless  of  the  replenishment  type. 

There  are  some  systems  where  replenishment  is  continuous.  For  example, 
ijasoline  storage  problems  can  be  studied  only  if  continuous  variables  are 
used.  If  gasoline  is  pumped  into  a  storage  task,  the  amount  of  material  is 
not  increasing  in  units  but  is  increasing  continuously.  There  are  many  other 
materials  that  can  be  treated  similarly.  Therefore,  the  assumption  made  is 
not  unrealistic  for  all  materials. 

Lead  Time 

When  an  order  is  placed,  some  time  passes  before  it  can  be  acted  upon. 
a  his  time  lag,  called  lead    e,  depends  on  the  distance  the  material  has  to 
te  transported  and  the  delays  that  occur  while  the  order  is  being  processed. 

In  studying  inventory  systems,  this  time  lag  must  be  considered  and 
also  must  be  integrated  with  the  control  mechanism.  If  the  demand  for  the 
nater  il  increases  beyond  the  capacity  of  the  system,  a  corresponding  increase 
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may  be  required  in  the  replenishment  rate.  But,  because  of  lead  time,  the 
needed  increase  may  not  take  place  for  a  number  of  time  periods  during  which 
the  inventory  system  may  complete  a  few  cycles  of  operation  (successive 
stocking  and  sales) .  The  number  of  time  cycles  that  occur  before  the  re- 
plenishment rate  is  actually  changed  depends  on  the  lead  time.  The  system 
will  not  be  able  to  function  according  to  the  lead  time  since  the  replenish- 
ment rate  will  not  be  changed  for  a  certain  period  whereas  demand  changes 
occur  instantaneously.  There  will  be  a  deficiency  of  material  in  storage 
ontil  the  increased  replenishment  rate  takes  effect.  Likewise,  a  decrease 
tn  demand  may  have  to  be  corrected  by  a  decrease  in  the  replenishment  rate 
vhich  may  not  become  effective  until  a  certain  time  interval  elapses.  Be- 
fore the  change  in  replenishment  rate  takes  place,  the  material  will  arrive 
according  to  the  previous  rate,  which  is  higher  than  the  corrected  rate. 
The  fact  that  lead  time  depends  on  many  different  and  incalculable 
tors  makes  it  difficult  to  determine.  An  unexpected  strike  or  damage  done 
to  a  shipment  may  double  or  even  triple  the  normal  lead  time.  It  is  very  im- 
portant to  test  the  model  for  lead  time  variations  and  note  how  it  will  be- 
have for  transitions  due  to  those  variations.  The  aim  is  to  determine  if 
the  introduced  lag  will  drastically  affect  the  operation  of  the  system  be- 
fore the  replenishment  rate  is  changed. 

If  the  lead  time  variations  are  such  that  the  number  of  permissible 
s lockouts  is  exceeded  during  the  period  of  study,  a  buff er  solution  must  be 
created  either  by  shortening  the  cycle  time  slightly  or  by  increasing  the 
r,plenishment  rate.  By  using  the  analog  model,  numerous  lead  time  varia- 
t:.ons  may  be  studied  and  the  correct  operating  policy  found. 

The  manufacturer  or  the  firm  having  an  inventory  system  has  effective 
ccntrol  over  the  number  of  units  placed  in  storage.  Even  if  the  material  is 


22 


■;o  be  brought  from  some  place  else,  the  number  of  units  to  be  ordered  is  un- 
der  close  control  of  the  manager  responsible  for  the  inventory  system.  Var- 
ious reasons  may  make  changes  in  input  conditions  and  may  be  the  result  of 
i.ead  time  variations.  If  these  variations  are  to  be  taken  into  account, 
•.he  operations  will  not  be  affected  if  a  buffer  stock  exists.  If  delay  oc- 
curs in  the  delivery  of  material,  sooner  or  later  the  material  ordered  will 
le  placed  in  storage. 

Model  of  Inventory  Control  Systems 

A  forecast  for  demand,  based  on  past  sales  data,  must  be  made  for  every 
inventory  system.  If  such  figures  are  not  available,  a  way  has  to  be  found 
to  calculate  the  number  of  units  to  be  demanded  in  the  future.  Forecasting 
is  a  complicated  task  in  itself.  Since  the  main  problem  to  be  discussed 
here  is  the  inventory  control  system  and  its  model,  the  demand  will  be  as- 
sumed to  be  known  within  two  limits,  a  maximum  and  a  minimum  number  of  units 
tiat  may  be  demanded.  The  demand  will  be  varied  randomly  between  these  lim- 
its. If  the  distribution  of  the  demand  is  known,  Monte  Carlo  simulation 
methods  may  be  used  to  obtain  variations  in  the  demand  between  the  two  val- 
ues. If  the  probability  distribution  of  the  demand  is  not  known  (indicating 
a  case  of  uncertainty) ,  this  may  have  to  be  converted  into  a  problem  under 
r;lsk,  which  can  be  done  using  the  Bayes/laplace  method  (13) .  Various  levels 
o:'  demand  will  be  assumed  to  have  the  same  probability  of  occurrence.  A 
vclue  may  then  be  chosen  for  the  number  of  units  to  be  demanded.  This  value 
c;n  then  be  used  as  the  demand  for  that  particular  simulation  exercise. 

The  amount  of  material  to  be  ordered  in  each  cycle  is  a  very  important 
decision.  The  lot  size  is  usually  calculated  by  equating  two  costs  con- 
nected with  the  ordering  and  stocking  of  material.  These  costs  are: 
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(a)  The  order  cost  which  is  the  cost  of  processing  the  order 
through  the  accounting  and  the  purchasing  departments. 
The  labor  cost  of  the  secretaries  and  telephone  and  post- 
ing bills  are  included  in  this  category.  If  the  material 
is  manufactured  internally,  then  the  set-up  costs  should 
also  be  included.  This  is  a  fixed  cost  which  does  not 
vary  with  the  order  size.  The  same  amount  of  money  and 
time  will  be  spent  if  one  or  several  units  are  reordered. 

(b^  Inventory  carrying  costs  are  made  up  of  taxes  to  be  paid 
on  the  stored  material  and  the  cost  of  losing  interest  on 
the  money  invested  in  the  material.  Obsolescence  costs 
can  also  be  included  in  carrying  costs.  From  the  above, 
it  is  obvious  that  inventory  carrying  costs  are  directly 
proportional  to  the  amount  of  material  in  storage. 

Ordering  costs  must  be  known  to  calculate  the  most  economical  lot  size, 
tie  demand  and  the  replenishment  rate.  Usually  the  ordering  cost  is  given 
as  a  certain  fixed  sum  in  dollars.  Carrying  costs  are  expressed  as  a  per- 
centage of  the  unit  cost  of  the  material.  Using  the  formula  below,  the 
K03t  economical  lot  size  can  be  calculated  for  a  constant  demand  with  con- 
stant replenishment. 

2  AS 


1  "    I  (Eq.  7) 

where  q  is  the  economical  lot  size,  A  is  the  order  cost  in  dollars, 
s  is  the  yearly  demand  in  units  per  year  and  I  is  the  carrying  cost  expres- 
sed as  a  percentage  of  the  unit  cost . 

If  the  replenishment  rate  is  finite,  the  following  formula  is  to  be 
u;ed: 
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2  AS 
g  =    I  (1  -s/p)  (Eq.  8) 

. 

'/here  p  is  the  production  or  replenishment  rate;  the  rest  of  the  variables 
are  as  explained  in  the  previous  paragraph. 

Eoth  formulas  are  based  on  a  single  demand  figure  for  the  calculation 
of  the  minimum  cost  order  quantity  size.  This  is  not  realistic  because  a 
j;  ingle  demand  figure  is  not  known.  Therefore,  after  this  basic  step,  un- 
certainties must  be  eliminated  from  the  calculations. 

A  way  has  to  be  found  to  integrate  the  uncertain  nature  of  the  demand 
vith  the  calculations.  This  can  be  done  by  chosing  the  demand  level  random- 
ly between  the  two  limits  of  demand.  After  a  time  period  is  studied,  the 
c.emand  value  may  be  changed  and  another  value  used  for  the  calculations. 
If  a  very  exact  model  is  required,  the  demand  may  be  changed  at  every  cycle. 
These  formulas  may  be  used  to  calculate  the  average  order  size  for  each 
cycle,  but  this  may  take  a  great  amount  of  time.  It  is,  therefore,  very  im- 
practical to  calculate  the  minimum  cost  order  size  quantity  at  every  cycle. 

Dividing  the  total  demand  by  the  economic  lot  size  will  give  the  aver- 
ege  cycle  time.  Since  the  replenishment  rate  is  known,  together  with  the 
cycle  time  and  the  demand  for  that  particular  cycle,  the  behavior  of  the 
system  can  be  studied.  One  of  the  following  will  occur: 

(a)  The  system  will  satisfy  the  demand  and  there  will  be  no 
material  remaining  in  storage  to  cause  overstock.  There 
is,  of  course,  a  certain  buffer  stock  remaining  in  storage. 

(b)  The  system  will  not  meet  the  demand  and  stockout  will  occur. 
This  will  cause  loss  of  good  will  and  profit. 

(c)  The  system  will  be  overstocked.  There  won't  be  enough  de- 
mand for  the  material  in  storage . 
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Case  (a)  is  the  perfect  operation  which  needs  no  changes  but  both  cases 
I b)  and.  (c)  require  corrections  to  insure  proper  operating  action.  In  case 
(b),  the  replenishment  rate  must  be  increased  or,  if  instantaneous  replenish- 
ment is  used,  the  lot  size  must  be  increased.  In  case  (c),  the  replenishment 
rate  must  be  decreased  or  the  lot  eiae  diminished. 

The  decision  to  increase  or  decrease  the  replenishment  rate  will  be  made 
according  to  the  service  criterion.  Until  the  system  is  giving  satisfactory 
customer  service,  the  amount  of  material  to  be  placed  in  storage  will  be  var- 
ied. A  decrease  or  increase  in  the  cycle  time  can  also  be  used  to  adjust 
the  operation  of  the  service.  But  in  this  model,  only  the  replenishment 
rates  will  be  changed,  keeping  the  cycle  time  constant. 

When  an  order  for  the  increase  of  the  replenishment  rate  is  given,  there 
•will  be  some  delays  due  to  lead  time.  Luring  the  transition  period  between 
the  changes  of  the  replenishment  rate,  the  system  may  not  perform  according 
tD  the  service  criterion.  The  buffer  stock  will  provide  the  extra  material 
raquired  until  the  change  remedies  the  situation.  Figure  12  is  a  flow  chart 
for   the  simulation  of  an  inventory  system. 

SOLUTION  TO  THE  PROBLEM 

Capacitor  Network 

The  capacitor  network  is  almost  a  perfect  analog  of  the  inventory  sys- 
tem. The  capacitor  is  cade  of  two  conducting  plates  with  a  dielectric  ma- 
terial between  them.  When  a  voltage  is  applied  to  the  plates,  some  electrons 
a:-e  forced  into  one  plate,  making  it  negative.  Due  to  the  induced  positive 
charges,  the  other  plate  becomes  positive.  A  definite  amount  of  electrons 
needed  to  charge  a  capacitor;  therefore,  it  is  said  to  have  a  capacity. 
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Fig.  12.  Flow  chart  for  the  simulation  of  an  inventory  system. 
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Tliia  characteristic  is  called  capacitance  (12). 

The  negative  charges  on  one  plate  are  attracted  by  the  induced  positive 
charges  on  the  other  plate  and  thus  made  to  stay  on  the  plate.  The  capaci- 
tance of  a  capacitor  is  proportional  to  the  quantity  of  the  charge  that  can 
be  stored  for  each  volt  applied  across  the  plates.  This  is  expressed  as: 

C  =  q/E  (Eq.  9) 

where  C  is  the  capacitance  in  farads,  q  is  the  charge  in  coulombs,  and  E  is 
if  the  voltage  across  the  plates  in  volts . 

A  perfect  capacitor  with  no  voltage  leakage  across  the  dielectric  ma- 
terial should  store  its  charge  indefinitely.  When  uncharged,  both  plates 
ccntain  an  equal  number  of  free  electrons.  When  charged,  one  plate  contains 
mere  charge  than  the  other.  The  difference  is  equal  to  the  number  of  elec- 
tions stored  in  the  capacitor. 

.When  a  voltage  is  first  applied  across  the  terminals,  there  is  an  ac- 
cumulation of  charge  which  forms  a  counter  voltage  across  the  terminals. 
Tie  charging  continue,  until  this  voltage  is  equal  to  the  applied  voltage. 
Bj  varying  the  applied  voltage,  any  predetermined  amount  of  charge  can  be 
stored.  The  greater  the  voltage,  the  greater  the  charge  on  the  capacitor. 
Every  capacitor  has  a  limit  to  the  voltage  difference  between  the  plates  be- 
yend  which  the  capacitor  will  burst. 

When  the  emf  source  is  replaced  by  a  short  circuit  in  a  resistance- 
caoacitance  circuit,  a  discharge  current  made  up  of  the  electrons  stored  in 
ths  capacitor  will  start  flowing  through  the  resistance.  As  the  electrons 
ar-J  removed,  the  voltage  falls  rapidly  toward  zero. 

The  time  required  to  charge  the  capacitor  to  63$  of  its  maximum  volt- 
or  to  discharge  it  to  37*  of  its  voltage  is  called  the  time  constant  of 
th.j  circuit.  Time  constant  is  equal  to  the  product  of  the  value  of  the 
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resistance  in  ohms  and  capacitance  in  farads.  The  time  constant  may  also  be 
cefined  as  the  time  required  to  charge  or  to  discharge  the  capacitor  complete- 
ly if  the  charging  continues  at  its  initial  rate. 

The  equation  giving  the  time  and  voltage  relationship  in  a  capacitor 

is:  • 

t /rc 

e0  =  E  (1  -  e  "  '      )  (Eq.  10) 

vhere  eQ  is  the  instantaneous  voltage  across  the  capacitor  in  volts,  E  is 
the  applied  voltage  in  volts,  t  is  the  time  in  seconds,  and  R  is  the  resis- 
tance in  ohms . 

The  equation  for  the  charging  current  is: 

i   ■  (E/R)  ( 1 )  (Eq.  11) 

When  a  capacitor  is  to  be  used  in  a  particular  circuit,  the  voltage  rat- 
ing and  value  of  the  capacitor  must  be  considered. 

The  capacitor  is  thus  a  storing  place  for  electrons;  the  amount  of  the 
charge  can  be  regulated  by  varying  the  voltage  across  the  plates.  If  a  re- 

§ 

Eistance  is  connected  across  the  plates,  then  the  time  of  the  charging  and 
discharging  can  be  varied  at  will. 

As  was  noted  earlier,  the  capacitor  network  is  almost  the  perfect  ana- 
log of  the  inventory  system.  If  a  systematic  comparison  is  to  be  made,  the 
following  points  of  resemblance  must  be  noted: 

(a)  A  charge  placed  on  a  capacitor  may  be  stored  there  almost  in- 
definitely. In  an  inventory  system,  the  material  placed  in 
storage  can  be  kept  there  for  a  long  time,  assuming  that  proper 
conditions  for  storing  that  material  exist. 

(b)  The  amount  of  charge  that  can  be  stored  on  a  capacitor  may  be 
varied  at  will.  The  changing  of  the  voltage  difference  may 
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cause  more  or  less  charge  to  be  stored  on  the  plates.  This 
is  exactly  the  same  as  the  inventory  system  where  the  amount 
of  material  to  be  stored  is  varied  at  will. 

(c)  There  is  a  maximum  amount  of  charge  that  can  be  placed  on  a 
capacitor.  It  cannot  accept  any  more  or  a  breakdown  will 
occur.  There  is  a  physical  limit  to  the  amount  of  material 
that  can  be  stored  in  a  warehouse.  Excess  material  in  stor- 
age may  cause  a  breakdown  of  the  total  system. 

(d)  The  condition  of  the  capacitor  depends  on  the  past  history 
of  the  circuit.  Charges  that  have  been  stored  previously 
determine  how  many  more  can  be  stored  and  the  amount  of 
charge  available  for  the  discharge  current.  In  an  inven- 
tory system,  the  amount  of  material  in  stock  determines 
how  much  more  can  be  accepted  and  how  much  is  available 

to  meet  the  demand. 

(e)  The  capacitor  may  be  discharged  at  will.  The  amount  of 
discharge  can  be  controlled  by  the  resistances  in  the  dis- 
charge circuit.  Material  can  be  taken  out  of  storage  at 
will  and  this  amount  can  be  controlled  in  various  ways . 

(f)  By  using  a  high-pass  or  low-pass  filter  and^different  input 
waves,  the  charging  characteristics  of  the  capacitor  may  be 
manipulated.  It  may  be  charged  instantaneously  or  at  a  fir 
site  rate.  An  inventory  system  may  have  instant  stock  re- 
plenishment or  the  replenishment  rate  may  be  finite. 

(g)  The  time  constant  of  the  capacitor  determines  the  required 
time  for  charging  or  discharging,  if  proper  values  Qf  ^ 
capacitor  and  the  resistance  are  chosen,  a  complete  cycle 
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may  be  represented  as  a  continuous  charging  and  discharging. 
The  charging  and  discharging  may  be  instantaneous .  In  an 
inventory  system,,  the  replenishment  rate  and  the  rate  of 
demand  will  determine  the  cycle  time.  The  replenishment  rate 
or  the  demand  rate  may  be  infinite  causing  instant  replenish- 
ment or  instant  stockout.  Both  systems  are  cyclic  in  behavior. 

(h)  A  capacitor  may  be  charged  or  discharged  for  a  large  number  of 
cycles .  In  an  inventory  system,  this  cyclic  behavior  will 
continue  as  long  as  it  is  desired. 

(i)  The  amount  of  charge  on  the  capacitor  may  be  treated  as  a  dis- 
crete variable  by  calculating  the  number  of  electrons.  It 
can  also  be  treated  as  a  continuous  variable  if  the  current 
is  measured.  It  thus  represents  both  the  discrete  and  the 
continuous  inventory  systems . 

(j)  By  arranging  the  circuit  parameters,  a  certain  amount  of 

charge  may  be  placed  on  the  capacitor  which  may  be  made  to  re- 
tain that  particular  charge  until  the  required  output  exceeds 
a  certain  value.  These  charges  may  then  be  made  to  represent 
a  safety  stock. 

(k)  If  a  delaying  circuit  can  be  used,  a  delay  may  be  introduced 
between  the  time  that  the  charging  decision  is  introduced  and 
the  time  that  the  actual  charging  occurs .  This  is  a  perfect 
analog  to  lead  time  in  the  inventory  control  systems . 

(l)  If  a  short  circuit  connection  is  provided  for  instantaneous 
discharge,  then  all  the  charges  on  the  plate  are  neutralized. 
This  may  represent  a  case  of  destruction  of  material  in  stor- 
age due  to  natural  disasters,  hurricanes,  or  even  war. 
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The  Analog  Model 


The  twelve  similarities  between  the  capacitor  network  and  the  inventory 
system  discussed  in  the  preceding  section  make  this  network  very  suitable  to 
represent  the  inventory  system  in  any  physical  model.  The  capacitor  repre- 
sents the  storage  place  and  the  resistive  components  of  the  network  repre- 
sent the  flow  of  materials  in  and  out  of  storage.  Since  a  systems,  approach 
is  used,  the  components  that  can  be  used  to  regulate  the  input,  the  output 
and  the  feedback  and  control  elements  must  be  used  together  with  the  capaci- 
tor in  order  to  have  the  perfect  analog  model. 

Among  the  system  components,  the  feedback  mechanism  involves  a  measure 
>f  customer  satisfaction.  It  has  already  been  mentioned  that  customer  sat- 
isfaction is  extremely  hard  to  measure  in  quantitative  terms .  A  service 
criterion  was  defined  which  indicated  the  permitted  number  of  stockouts  and 
•:hus  expressed  the  extent  of  customer  satisfaction.  A  physical  representa- 
tion of  the  feedback  mechanism  then  is  very  difficult  or  almost  impossible. 
In  the  model  to  be  discussed,  the  feedback  mechanism  will  not  be  represented 
ty  a  physical  component  but  will  take  place  through  the  calculations  of  the 
experimenter  right  after  one  cycle  of  operation  was  studied.  This  so-called 
calculation  is  nothing  but  a  decision  about  the  condition  of  the  inventory 
level,  i.e.,  whether  or  not  a  stockout  has  occurred.  Therefore,  one  complete 
cycle  has  to  pass  before  the  experimenter  can  decide  about  the  feedback  in- 
formation. This  is  perfectly  logical  and  realistic.  In  the  actual  system, 
oie  complete  cycle  has  to  pass  before  the  feedback  information  can  be  used^ 
effectively.  Thus,  if  the  human  link  is  integrated  with  the  model,  the  sit- 
uation will  be  more  realistic  since  it  reproduces  the  same  pattern  of  feed- 
bi.ck  action  in  the  actual  operation. 
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Every  other  system  part  can  be  represented  either  by  a  single  resistor 
or  by  a  number  of  basic  components.  Input  will  be  represented  by  a  pulse 
obtained  from  a  pulse  generator.  This  input  may  be  regulated  by  a  filter, 
'.'he  regulation  of  the  input  will  be  with  respect  to  the  charging  time.  The 
amplitude  of  the  pulse  will  be  regulated  by  the  amplitude  control  of  the 
pulse  generator.  The  output  and  its  characteristic  wave  shape  will  be  de- 
termined by  the  discharging  network.  The  discharging  network  will  deter- 
mine the  time  of  the  discharge  and  the  length  and  shape  of  the  discharge 
•wave.  A  recording  device  can  be  connected  to  the  output  terminals  to  re- 
<:ord  the  output  wave.  This  can  also  be  done  to  the  input  wave  and  a  complete 
picture  of  the  input  and  output  conditions  will  be  obtained. 

By  varying  the  components  of  the  input  and  the  output  networks  together 
vith  the  amplitude  of  the  incoming  wave,  a  wide  variety  of  cases  may  be  sim- 
ulated and  studied. 

A  short  discussion  of  the  input  and  output  networks  is  appropriate  at 
this  point.  There  are  two  major  classes  of  networks,  each  reacting  differ- 
ently to  the  input  waves.  These  are:  (a)  low  pass  networks  and  (b)  high 
3>ass  networks. 

Input  waves  are  also  classified  according  to  the  order  of  integration 
cr  differentiation  operation  that  must  be  performed  on  a  reference  wave, 
the  unit  step  function.  There  are  five  input  waves.  These  waves  and  their 
transient  orders  are  shown  in  Fig.  13 .  The  step  function  is  taken  as  the 
reference  point  and,  if  it  is  integrated  once,  a  ramp  function  will  be  ob- 
tained. A  differentiation  carried  on  a  step  function  will  give  an  impulse. 
This  is  known  as  finite  integration  and  finite  differentiation  and  is  true 
only  when  the  output  is  very  small  compared  to  the  input. 
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High  pass  a.,     pass  netvorks  act  as  finite  integrators  and  differen- 
tiators. These  two  networks  are  shown  in  Figs.  14  and  15.  The  response  of 
these  networks  to  various  elementary  pulses  is  shown  in  Figs.  l6  and  17. 

If  a  high  pass  filter  is  used  with  unit  step  input,  an  output  wave, 
initially  having  a  value  of  V  volts,  will  ba  obtained.  The  value  of  the 
voltage  will  decay  exponentially,  the  length  of  the  cycle  being  determined 
by  the  time  constant  of  the  circuit.  As  mentioned  earlier,  the  time  con- 
stant equals  the  product  of  the  resistance  in  ohms  and  the  capacitance  in 
ti  .rads . 

An  exponential  response  or  output  may,  of  course,  be  approximated  by  a 
straight  line  over  a  small  section;  this  is  equivalent  to  considering  only 
small  signal  deviations  around  a  certain  quiescent  point  of  the  nonlinear 
electronic  elements.  Where  the  output  is  so  large  that  the  nonlinearity  can- 
net  be  ignored,  it  is  sometimes  possible  to  define  distinct  segments  on  the 
ncnlinear  response  curve  and  approximate  each  segment  by  a  straight  line. 
Tiis  is  called  the  piece-wise  linear  approach  (10). 

From  Fig.  9  it  is  clear  that  this  network  with  a  unit  input  may  be  made 
tc  represent  an  inventory  system  with  instantaneous  replenishment .  V  units 
are  placed  in  storage  at  time  tQ   and  will  be  demanded  until  time  t  when 
there  will  be  no  more  materials  in  storage,  which  indicates  the  end  of  that 
particular  cycle.  1!he   basic  principle  of  operation  of  the  model  is  regulat- 
ing the  charging  and  discharging  currents  of  the  capacitor  by  changing  the 
resistance  and  the  capacitance  of  the  circuit  with  the  input.  The  input  and 
output  voltages  are  then  analogous  to  material  flow  in  and  out  of  storage. 
By  varying  resistance  H,  different  demand  rates  may  be  obtained.  If  the  re- 
sults are  recorded  using  a  proper  scale,  a  study  of  the  total  operation  per- 
ioci  '•     ting  of  many  cycles  may  be  made. 
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Fig.  13.  Transient  orders  of  elementary  pulses 
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Fig.  15.  Low  pass  filter  (finite  integrator) 
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Fig.   16.     Output  of  a  low  pass  filter  to  inputs  of  elementary  pulses, 
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Fig.  17.  Output  of  high  pass  filter  to  elementary  pulse  inputs 
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If  the  demand  is  varied  for  each  cycle ,  the  total  number  of  stockouts 
may  he  read  from  the  recorded  results  and  compared  to  the  service  criterion. 
If  the  number  of  etc  kouts  is  greater  than  the  service  criterion,  the  amplitude 
cf  the  input  wave  (representing  the  total  replenishment)  must  be  increased  un- 
til the  correct  replenishment  rate  is  found. 

There  is  a  limit  to  the  amount  of  charge  that  can  be  stored  in  a  capaci- 
tor. Any  increase  over  this  limit  will  cause  the  capacitor  to  burst.  The 
investment  and  the  space  constraints  may  thus  be  represented  by  using  a  ca- 
pacitor not  exceeding  a  particular  value  which  may  be  chosen  arbitrarily. 
However,  care  must  be  taken  to  use  a  single  reference  capacitor  in  the 
experiments. 

For  example,  if  the  input  is  V  volts  indicating  V  units  of  material  and 
tie  capacitor  is  charged,  the  voltage  difference  between  the  plates  will  be 
V  volts .  When  the  charging  is  finished,  there  will  be  V  units  of  material  in 
storage  and,  at  time  T,  the  voltage  between  the  plates  will  depend  on  the  re- 
sistance through  which  the  discharge  is  occurring.  In  Figs.  18  and  19,  two 
ortput  voltages  of  a  high  pass  filter  are  shown,  each  having  a  different 
resistance  value.  If  T  is  assumed  to  be  the  time  for  a  cycle,  the  output 
voltage  in  Fig.  19  reaches  zero  long  before  the  cycle  is  finished.  In  the 
simulation,  this  will  indicate  a  case  of  stockout. 

The  speed  of  operation  of  this  model  permits  a  very  quick  scan  of  dif- 
ferent cases.  With  the  help  of  a  timer,  the  circuit  can  be  so  arranged  that 
a  pulse  is  applied  to  the  input  at  regular  intervals.  For  example,  if  the 
t:.mer  is  set  up  for  five-second  intervals  when  the  cycle  time  is  three  sec- 
onds with  two  seconds  remaining  to  change  the  resistance  value,  500  different 
esses  can  be  studied  in  1,500  seconds  or  approximately  in  25  minutes.  Notice 
ttat  no  expensive  equipment  is  used.  The  components  Used  in  these  models  can 
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be  found  in  every  laboratory. 

The  incremental  changes  in  the  values  of  the  resistances  depend  on  the 
sensitivity  of  the  analysis  and  the  scaling.  Clearly,  if  the  scaling  is 
such  that  one  volt  represents  100,000  units,  variations  in  the  value  of  the 
resistance  in  steps  of  1  ohm  could  be  tedious  and  not  very  realistic.  There- 
fore, reasonable  values  must  be  chosen. 

One  word  of  caution:  the  replenishment  and  the  demand  curves  (those  ob- 
-tained  from  the  analog  model)  are.  exponential  curves.  If  the  reference  axis 
j s  so  chosen  that  only  the  top  and  the  steepest  part  of  the  curve  are  used, 
the  curves  can  then  be  approximated  by  straight  lines. 

For  a  finite  replenishment  case,  a  discharge  resistance  is  to  be  pro- 
vided. Two  cases  are  possible.  First,  it  is  assumed  that  the  inventory  is 
to  reach  its  maximum  level  before  any  demand  occurs.  In  the  model  repre- 
senting this  circuit,  a  switch  will  be  provided  between  the  filter  and  the 
output  resistance.  This  switch  will  be  used  to  connect  the  network  to  the 
discharge  resistance  only  after  the  charging  stops.  The  switch  may  be  man- 
v.al  or  it  may  be  automatic.  It  senses  the  voltage  across  the  plates  of  the 
capacitor  and,  when  the  right  value  is  reached,  closes  the  contact.  The  in- 
put wave  is  measured  at  the  output  terminal  of  a  lew  pass  filter  and  the  out- 
jut  is  measured  over  the  resistance  provided  for  discharging.  Figure  20 
shows  the  circuit  and  the  input  and  output  functions. 

If  a  circuit  as  shown  in  Fig.  20  is  used,  then  the  effects  of  both  the 
input  rate  and  the  demand  rate  variations  on  the  whole  circuit  can  be  studied 
The  same  timing  circuit  can  be  used  to  permit  a  rapid  scan  of  different  de- 
mand and  replenishment  rate  values.  If  the  cycle  time  is  T,  the  variations 
in  the  rates  will  give  the  input-output  characteristics  shown  in  Fig.  21. 
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Fig.   18.     Output  voltage  of  the  analog  model^normal  operation 
(HP  filter) . 
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Fig.  19.  Output  voltage  of  the  analog  model^stockout  (HP  filter) . 
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Fig.  20.  Low  pass  filter  with  an  output  resistance  representing  finite 
replenishment  and  demand. 
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There  is  no  need  for  a  switch  if  the  demand  is  to  occur  during  the  re- 
plenishment time.  Although  the  capacitor  will  never  charge  to  its  maximum 
level,  a  steady  state  will  be  obtained,  after  which  the  charging  will  stop 
ard  the  capacitor  will  start  discharging. 

By  connecting  a  high  pass  and  a  low  pass  filter  together,  the  same 
mcdel  may  be  obtained  (Fig.  22) . 

As  can  be  seen  from  Fig.  22,  only  V-,  is  to  be  recorded.  The  distortion 
oi  the  waves  is  more  noticeable  in  this  case. 

Simulation  Using  an  Analog  Computer 

The  analog  model  of  an  inventory  system  is  based  on  a  high  pass  filter 
or  a  high  pass -low  pass  combination.  The  simulation  is  carried  out  by  apply- 
ing  an  input  pulse  or  an  input  wave  to  the  filter  and  then  observing  the 
characteristics  of  the  output  for  different  values  of  the  components  forming 
the  model.  The  basic  function  of  the  model  is  finite  integration  or  differ- 
entiation. 

An  analog  computer  may  also  be  used  instead  of  the  filters.  Since  the 
main  model  is  based  on  the  high  pass  filter,  which  is  a  finite  integrator, 
an  operational  amplifier  may  be  used  in  the  same  way  by  using  a  capacitive 
feedback  between  the  output  and  the  input.  This  circuit  will  integrate  all 
th3  inputs  and  the  accuracy  will  be  much  higher  than  the  high  pass  filter. 
Ac;uracy  is  not  the  only  advantage  of  the  analog  computers.  Using  the  ini- 
tial conditioning  connections,  the  capacitor  may  be  made  to  short  circuit,  re 
moving  all  residual  voltages  remaining  after  the  end  of  the  cycle  and  apply- 
in;;  the  right  voltage  as  the  proper  input.  A  capacitor  which  is  completely 
discharged  at  the  beginning  of  each  cycle  is  needed;  this  is  possible  only 
by  using  short  circuiting  relays.  The  step  input  function  may  be  generated 
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Fig.  21.  Variations  in  the  value  of  the  output  resistance,  a  case  of 
normal  operation  and.  stockout. 
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Fig.  22.  Combination  of  a  low  pass  and  a  high  pass  filter  to  represent 
a  case  of  replenishment  during  which  demand  is  occurring. 
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by  the  computer  itself.  If  the  operating  mode  is  set  at  "Compute,"  a  step 
\oltage  is  applied  at  the  beginning  of  each  cycle.  If  any  other  input  wave 
shapes  are  desired,  they  may  be  produced  by  using  other  operational  ampli- 
fiers. The  connections  to  an  outside  source  create  no  problems  because  the 
cutput  terminals  are  provided  on  the  computer  for  recording  instruments.  If 
•visual  readings  are  sufficient,  the  voltmeter  on  the  computer  may  be  used, 
lastly,  it  is  easier  to  put  together  the  required  circuit  on  an  analog  com- 
puter than  any  other  place.  A  filter  circuit  may  create  operational  prob- 
lems due  to  the  capacitive  and  inductive  effects  between  the  connections  and 
tae  components.  In  analog  computers,  this  effect  is  minimized  by  using 
special  conductors. 

Three  different  cases  of  replenishment  were  mentioned  in  previous  sec- 
tions. Therefore,  three  different  models  are  to  be  built.  One  will  be  used 
ts  simulate  instant  demand.  The  models  to  be  described  can  be  built  on  a 
Hsathkit  Educational  Analog  Computer  Model  EC-1.  Any  two -channel  recorder 
cm  be  used. 

Instant  Replenishment  Model.  A  circuit  consisting  of  two  operational 
amplifiers  may  be  used.  The  circuit  connections  are  shown  in  Fig.  2k.     The 
input  to  the  first  amplifier  is  left  floating,  i.e.,  no  external  voltage 
source  is  connected  to  it.  Capacitor  C1   is  used  to  make  the  operational  am- 
p.'.ifier  function  as  an  integrator.  Resistance  R,  is  varied  in  order  to  change 
the  rate  of  discharge,  corresponding  to  a  change  in  the  demand  conditions. 
Capacitor  C±  ±3   connected  to  short  circuiting  relay  RL  .  The  second  opera- 
tional amplifier  is  used  as  an  inverter.  It  performs  no  operations  but  in- 
verts the  polarity  of  the  output  voltage. 

When  the  operation  switch  is  set  at  "Compute,"  relay  RL  will  open  and 
a  step  function  will  be  applied  to  the  input  of  the  first  amplifier.  This 
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will  be  integrated  according  to  the  following  relation: 

In  this  case,  eic,  which  is  the  initial  condition,  is  equal  to  zero.  From 
tais  equation,  it  can  be  seen  that  variations  in  C  and  R  will  affect  the 
value  of  the  integration. 

The  second  amplifier  will  invert  the  output  and  may  multiply  it  by  a 
given  constant.  The  equation  of  the  output  is  given  by: 


eo  "  -L4_  Sei  atfl    ^f 
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After  the  computation  starts,  the  input  will  be  integrated  until  the 
timing  circuit  interrupts  the  input  function  and,  at  the  same  time,  relay 
Ml  will  close  the  short  circuit  connections.  This  is  the  end  of  one  cycle. 
A  one-channel  recorder  may  be  used  to  record  the  output. 

Operating  Instructions.  The  following  procedures  may  be  used: 

(a)  Set  up  the  service  criteria. 

(b)  Calculate  the  demand  limits. 

(c)  Calculate  the  economical  lot  size. 

(d)  Calculate  the  approximate  number  of  cycles  to  be  studied  during  one 
period. 

(e)  Set  up  the  integration  model  and  the  recorder. 

(f)  Choose  appropriate  values  for  the  model  components.  For  example, 
if  3  is  100,CC0  ohms,  the  demand  may  be  taken  as  100  units.  The  same  is  true 
for  the  capacitor.  A  1  microfarad  capacitor  may  represent  100  units  of  in- 
put vhereas  10  microfarads  may  represent  1,000  units.  ^  and  ^  are  always 
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to  be  selected  as  1  megohm  so  that  no  multiplication  effect  takes  place  in 

the  second  operational  amplifier. 

(g)  Select  the  incremental  variations  of  R.  If,  for  example,  demand 
:la  to  be  varied  by  10  units,  then  the  resistance  is  to  be  varied  by  100  ohms. 

(h)  Select  the  proper  cycle  times.  In  the  Heathkit  computer,  time 
could  be  varied  from  0.1  cycle  per  second  to  15  cycles  per  second.  There- 
fore, any  length  of  time  may  be  selected  for  a  cycle  length  vith  proper 
scaling.  One  cycle  per  second  may  be  made  to  represent  one  day.  With  proper 
scaling,  the  real  time  values  for  the  operation  can  be  obtained  from  the 
computer  results. 

(i)  Start  simulation  by  setting  the  operation  control  at  "Compute" 
and,  after  each  cycle  result  is  obtained,  vary  the  resistance  by  a  random 
a,ount,  corresponding  to  the  random  variation  of  demand.  This  variation 
may  be  determined  by  using  a  random  table  or  some  other  predetermined  values 
if  the  demand  distribution  is  known. 

(J)  Count  the  number  of  stockouts  and,  if  there  are  more  stockouts 
than  the  service  criteria,  increase  the  value  of  the  replenishment;  that 
is,  increase  the  capacitance  value  in  the  model. 

(k)  Determine  the  necessary  replenishment  rate  which  will  insure  sat- 
isfactory customer  service. 

Finite  Replenishment  Model.  There  ar^  +««  *«*•«»„ 

. i£is±.  ^ere  are  two  different  cases  that  can  be 

studied  under  this  heading: 

(a)  Demand  does  not  occur  during  the  replenishment  time,  and 

(b)  Demand  does  occur  during  the  replenishment  time. 

Thus,  two  different  models  are  needed  to  represent  finite  replenishment. 
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No  Demand  During  Replenishment.  Under  this  condition,  the  maximum  in- 
ventory level  is  to  be  reached  before  any  demand  can  be  satisfied.  An  analog 
rodel  for  simulation  of  this  particular  case  is  presented  in  Fig.  20.  The 
£ame  simulation  can  be  carried  out  on  an  analog  computer.  Two  operational 
amplifiers  are  to  be  used.  The  circuit  is  shown  in  Fig.  2k. 

These  two  amplifiers  are  connected  as  operational  amplifiers  by  using 
capacitive  feedback  connections.  The  initial  step  voltage  is  applied  to  the 
terminals  of  the  first  amplifier.  The  output  of  this  amplifier  is  the  input 
to  the  second  amplifier.  This  input  is  the  simulation  of  the  input  function 
to  the  inventory  system.  No  connections  to  the  short  circuit  relays  are 
reeded  and  the  operation  mode  is  manual.  The  timing  circuit  is  not  used  and 
the  cycle  time  is  to  be  varied  by  the  variations  of  the  components. 

When  the  computer  is  set  to  "Compute/'  a  unit  step  function  is  applied 
viich  is  integrated  and  is  then  applied  to  the  second  amplifier.  The  second 
amplifier  further  integrates  this  input,  thus  giving  a  faithful  representa- 
tion of  the  replenishment  rate.  When  the  capacitor  is  fully  charged,  this 
curve  will  level  off  and  reach  a  constant  value.  Discharge  can  start  any 
time  after  this  point.  This,  of  course,  corresponds  to  a  full  warehouse. 
By  setting  the  operation  switch  to  "Reset,"  the  application  of  the  input 
voltage  is  stopped  and  the  capacitor  is  permitted  to  discharge  slowly,  the 
rate  being  determined  by  R  and  C  together.  The  full  recording  will  show 
the  total  relation  between  replenishment  and  demand. 

The  same  principle  as  explained  for  instant  replenishment  may  be  used  in 
this  case.  The  number  of  stockouts  and  the  overstocks  are  determined  during 
a  given  time  period  and  the  replenishment  rate  is  adjusted  accordingly.  The 
replenishment  rate  may  be  changed  in  the  model  by  changing  R  or  C  . 
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Fig.  23.  Instant  replenishment  model 


^N^V 


i? 


Hh 


D> 


Fig.  24.  Circuit  to  simulate  "no  demand  during  replenishment"  case, 
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Fig.  25.  Circuit  to  simulate  "demand  during  replenishment"  case. 
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Demand  During  Replenishment .  Three  operational  amplifiers  are  to  be 
used  in  the  simulation  of  the  case  -where  demand  occurs  during  the  replenish- 
ment period.  The  circuit  to  be  used  is  shown  in  Fig.  25. 

All  capacitors  are  connected  to  short  circuiting  relays.  The  time  of 
the  cycle  is  to  be  controlled  through  the  repetition  rate  control  which  con- 
trols the  time  during  which  the  input  is  applied  and  the  time  when  the  capa- 
citors are  short  circuited.  The  output  of  the  first  amplifier  gives  the 
replenishment  rate  which  can  be  varied  through  C±,   C2  and  CU,  the  most  effec- 
ti/e  variations  being  through  C-^  The  demand  is  varied  effectively  through 
R3,  which  may  be  a  potentiometer.  The  output  of  the  third  amplifier  is  the 
required  demand  curve.  A  two-channel  recorder  is  used  to  record  the  two  out- 
puts. The  main  difficulty  with  this  model  is  the  scaling.  Due  to  amplifi- 
cation, the  scales  of  the  input  and  the  output  are  not  the  same.  Therefore, 
the  recordings  are  not  directly  comparable.  When  the  comparison  is  to  be 
ma<.e,  the  scale  of  the  output  can  be  determined  by  the  input  condition. 

This  model  is  very  fast  in  operation  and  operating  conditions  are  the 
sare  as  those  of  the  instant  replenishment  case.  The  only  difference  is  that 
the  input  and  the  output  are  not  directly  comparable. 

SUMMARY 

Inventory  control  problems  were  studied  using  the  systems  analysis 
approach.  An  analog  model  was  built  based  on  the  storage  characteristics 
of  a  capacitor.  Together  with  the  charging  and  the  discharging  resistances, 
ele/en  points  of  similarity  were  found  between  an  inventory  system  and  a 

capicitor  network. 
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The  operation  of  this  model,  using  various  input  wave  shapes,  was  made 
•;o  represent:   (l)  finite  replenishment  rate  and  (2)  infinite  replenishment 
-.'ate.  By  varying  the  discharge  resistance,  a  great  number  of  demand  rates 
•/ere  simulated.  The  capacitor  network  used  as  a  model  was  a  finite  inte- 
grator. It  was  built  on  an  analog  computer  using  an  operational  amplifier 
itnd  a  capacitive  feedback  element.  The  cycle  time  was  adjusted  by  timing 
:*elays  and  the  study  of  a  great  number  of  cycles  in  a  short  time  was  made 
possible. 

Effectiveness  of  the  system  was  measured  in  terms  of  customer  satisfac- 
tion which,  in  turn,  was  measured  in  terms  of  service  criteria.  Service 
:riteria  is  the  allowable  number  of  stockouts  during  one  period  of  operation. 

During  the  simulation  exercises,  the  demand  was  varied  randomly  and  the 
reaction  of  the  model  to  these  changes  was  noted.  If  the  total  number  of 
stockouts  was  more  than  the  service  criteria,  then  the  input  conditions  were 
changed  until  the  system  operated  in  accordance  with  the  service  criteria. 
If  the  value  of  the  model  components  was  translated  into  the  values  of  the 
components  of  the  real  system,  the  most  effective  system  design  was  obtained. 

CONCLUSION 

The  analog  computer  will  never  enjoy  the  same  popularity  that  the  digital 
romputer  has.  For  the  majority  of  people,  the  analog  computers  are  differen- 
cial analyzers,  extremely  useful  for  solving  differential  equations  but  use- 
less otherwise.  Yet,  some  do  manage  to  use  general  purpose  analog  computers 
-rery  successfully.  Servomechanism  designers  can  apply  analog  computers  to 
ide  range  of  design  problems  for  servo  systems. 
One  common  characteristic  of  modern  management  is  their  heavy  reliance 
<>n  digital  computers.  All  sorts  of  simulation  exercises  are  carried  out 
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using  them  for  dec is ion -making  purposes.  In  some  cases,  the  computer  is  ac- 
tually forced  into  a  decision -making  role.  This  approach  to  system  simula- 
tions and  studies  tends  -co  destroy  the  human  element  and  the  insight  of  manage- 
ment. 

Since  the  business  world  is  based  on  human  relations ,  a  full  application 
of  the  digital  computers  may  have  a  destructive  effect  by  being  forced  to 
play  a  role  beyond  their  capacity.  In  the  simulation  exercises,  the  digital 
computer  gives  almost  no  information  about  the  actual  step-by-step  operation 
of  the  model.  Only  the  input  and  the  output  are  given.  The  computer  may  be 
programmed  to  inform  the  programmer  of  every  step  and  every  solution  but  the 
operation  costs  make  this  approach  very  uneconomical.  The  results  of  one 
complete  run  must  be  obtained  before  the  operating  characteristics  of  the 
model  can  be  changed.  Even  if  more  accurate  information  becomes  available 
during  a  run,  the  computer  cannot  utilize  this  additional  information.  It 
his  to  be  stopped  and  the  calculations  made  all  over  again,  resulting  in  an 
uieconomical  situation.  For  the  same  reason,  variations  in  the  parameters 
a:-e  to  be  limited  to  certain  values,  the  amount  of  variation  being  determined 
by  the  time  the  computer  takes  for  a  single  run. 

An  analog  computer,  on  the  other  hand,  is  not  plagued  by  these  disad- 
vantages. It  is  much  cheaper  to  operate,  parameters  may  be  varied  quickly 
a  total  picture  of  the  operation  may  be  obtained  easily  and,  at  any  point 
during  the  computation,  human  intervention  can  be  exercised.  The  most  re- 
cent information  can  be  made  available  to  the  computer  almost  at  once. 

The  model  discussed  in  this  article  for  the  inventory  systems  has  all 
these  favorable  characteristics.  The  most  useful  of  these  are  the  total  pic- 
ture of  the  operation  which  it  presents  to  the  analyst  and  the  link  between 
cycles  which  is  to  be  provided  by  the  operator.  When  the  total  picture  is 
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available,  it  is  very  easy  for  the  operator  to  use  common  sense  and  eliminate 
:ertain  inputs  as  unfeasible.  Thus,  human  intuition  and  foresight  are  not 
•Jliminated  from  the  model  but  are  a  part  of  it.  The  analyst  is  not  a  passive 
observer  but  an  active  link  that  gains  knowledge  and  first-hand  experience 
about  model  characteristics. 

The  process  of  building  the  analog  model  may  help  discover  new  charac- 
teristics of  the  system.  Sometimes  a  new  approach  can  be  found  while  build - 
:.ng  an  analog  model  which  may  result  in  a  better  system  design. 

Operation  of  analog  computers  is  limited  to  continuous  cases  which  pre- 
vents their  application  to  discrete  cases,  liven  for  a  continuous  case  there 
is  no  clear  method  of  approach  to  the  problem.  A  systems  approach  is  very 
helpful  but  after  the  system  characteristics,  boundaries  and  constraints  are 
found,  the  next  step  may  require  some  unorthodox  thinking.  For  some  servo 
components,  basic  analog  models  have  been  set  up.  The  same  is  true  for  many 
transfer  functions.  There  is  a  good  possibility  for  having  a  common  model 
for  a  certain  problem  class. 

Even  after  building  an  analog  model,  many  people  prefer  to  use  a  spec- 
ial analog  computer  instead  of  the  general  purpose  analog  computer.  Build- 
ing a  special  purpose  computer  requires  a  thorough  knowledge  of  the  basic 
principles  of  mechanics  and.  electronics .  Problems  of  transportation  have 
been  solved  on  special  analog  computers.  Although  the  method  is  well-known, 
net  many  people  use  this  approach  because  building  a  special  purpose  computer 
is  not  very  economical. 

This  study  was  an  effort  on  the  part  of  the  investigator  to  explore 
possibilities  of  applying  general  purpose  analog  computers  to  a  specific 
problem.  The  ease  with  which  the  model  can  be  built  and  simulated  and  the 
results  interpreted  caused  the  author  to  feel  that  great  possibilities  do 
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exist  in  the  application  of  these  computers  to  a  variety  of  problems.  The 
problems  studied  were  rather  heavily  restricted  to  certain  cases.  These 
..imitations  did  not  prevent  a  realistic  approach;  in  fact,  they  only  limited 
Lts  U3e.  Similar  limitations  also  exist  in  mathematical  models. 

Further  studies  into  the  nature  of  the  problem  are  desirable.  A  common 
model  list  may  be  drawn  up  for  business  and  manufacturing  use.  If  an  inven- 
tory control,  purchasing  and  production  control  systems  can  be  represented 
us  analog  models,  the  study  of  the  total  business  and  manufacturing  systems 
*>ecomes  a  possibility  using  analog  computers. 

Industrial  engineers  may  gain  an  extremely  valuable  tool  with  more  re- 
:earch,  thus  giving  themselves  the  opportunity  to  study  man-machine  systems 
iiore  effectively. 
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ABSTRACT 

When  the  systems  analysis  technique  is  applied  to  inventory  control  prob- 
lems, it  is  possible  to  formulate  an  approach  which  permits  the  building  of 
an  analog  model  and  the  simulation  of  the  system  using  the  analog  computer. 

The  first  step  in  this  technique  is  to  determine  the  system  components: 
...  Input  -  the  material  placed  in  storage;  2.  Output  -  the  material  used 
•;o  satisfy  the  demand;  3.  Processor  -  the  combination  of  techniques  and 
methods  used  to  regulate  the  flow  of  material  in  and  out  of  storage;  h.     Feed- 
back mechanism  -  the  customer  satisfaction;  and  5  •  Control  mechanism  -  the 
financial  and  other  constraints  that  limit  the  amount  of  material  to  be 
fitocked. 

Effectiveness  of  the  operation  of  the  inventory  system  can  be  expressed 
:.n  terms  of  customer  satisfaction.  Since  it  is  difficult  to  measure  satisfac- 
tion in  quantitative  terms,  an  empirical  means  of  representation,  called 
service  criterion,  is  used  and  is  defined  as  the  permitted  number  of  stock- 
outs  during  one  period  of  operation.  If  the  number  of  stockouts  is  greater 
than  the  service  criterion,  then  the  service  is  not  satisfactory.  The  for- 
mula for  service  criterion  is: 

s.  c.  =  l/s 

vhere  S.  C.  is  the  service  criterion,  L  is  the  loss  in  dollars  that  is  ac- 
c eptable  by  the  firm  due  to  stockouts  and  S  is  the  dollar  cost  of  one  stock- 
cut. 

Service  criterion  plays  a  very  important  role  in  the  feedback  mechanism 
cf  the  system.  When  the  actual  operation  is  simulated  by  the  model,  the 
r umber  of  stockouts  can  be  determined  and  the  service  criterion  calculated. 
The  input  conditions  may  be  changed  so  that  the  service  criterion  is  satis - 

sd.  This,  of  course,  is  the  point  where  the  system  is  giving  maximum 
i atisfactory  customer  service  under  the  given  conditions  and  constraints . 


An  analog  computer  with  a  capacitor  network  satisfactorily  simulates  an 
irventory  control  problem.  Together  with  the  charging  and  discharging  net- 
wcrks  made  out  of  parallel  or  series  resistances,  the  analog  computer  can  be 
msde  to  represent  an  inventory  control  system  under  every  operation  condition, 
Tie  capacitor  is  a  storing  element  and,  working  with  the  charging  and  the 
discharging  networks,  it  acts  as  a  finite  integrator. 

A  model  built  on  an  analog  computer  permits  the  simulation  of  a  period 
of  operation  consisting  of  many  cycles.  Sales  and  stocking  conditions  may  be 
v;  ried  at  will. 

In  the  analog  computer  simulation,  demand  is  varied  between  two  limits 
aid  the  response  of  the  system  to  changing  demand  conditions  is  noted.  If 
necessary,  input  conditions  may  be  changed  so  that  the  system  operates  ac- 
cording to  the  desired  service  criterion,  thus  providing  maximum  customer 
satisfaction. 


